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The  bow  and  arrow  is  a  projectile  weapon  system  that  predates  recorded  history  and  is  common  to  most 
cultures.  The  Turkish  bow  is  the  most  efficient  one  in  its  category.  Despite  of  its  superiority,  Turkish  bow 
is  the  one  which  is  least  documented  in  the  literature.  Technical  drawings  for  the  Turkish  bow  are  miss¬ 
ing.  Turkish  bow  is  a  system  consisting  of  different  elements.  Each  element  has  its  own  distinctive  feature 
and  serves  for  a  specific  purpose.  Recent  interest  in  Turkish  bow  simply  involves  the  replication  of 
museum  samples  without  any  consideration  about  the  performance  characteristics  of  the  replica. 

The  present  work  aims  at  describing  the  Turkish  bow,  war  bow  known  as  Tirke§  in  specific.  Character¬ 
istic  shape  parameters  will  be  identified  and  the  effect  of  each  parameter  on  bow  performance  will  be 
discussed.  Parametric  optimization  to  maximize  bow  efficiency  will  then  be  introduced.  The  bow  shape 
will  first  be  described.  Characteristic  shape  parameters  defining  the  bow  geometry  will  be  identified  and 
the  range  in  which  they  vary  will  be  determined.  The  bow  is  drawn  in  the  ANSYS®  environment.  Based  on 
the  design  drawing  a  model  bow  is  manufactured.  Due  to  its  superior  flexing  characteristics,  E-glass  fiber 
epoxy  system  is  used  in  the  composite  structure.  The  model  bow  is  tested  to  determine  the  characteristic 
draw  weight  -  draw  distance  behavior  of  a  typical  bow.  A  mathematical  model  which  is  a  simplified 
analysis  of  recurved  bow  types  is  used  to  compare  behavior  of  model  and  manufactured  bow  draw 
weight  -  draw  distance  graph. 

Using  ANSYS,  bow  is  optimized  over  the  related  domain.  Only  geometrical  parameters  are  considered. 
Bow  length,  width  and  thickness  are  varied  over  their  domain  of  definition  and  their  effect  on  the  bow 
performance  is  investigated.  Limb  part  is  taken  as  the  working  element  and  is  optimized  for  high  deflec¬ 
tion  and  low  weight.  The  optimization  process  results  in  response  charts  showing  the  effect  of  the  design 
variables  on  output.  Sensitivity  analyses  of  the  input  parameters  resulted  in  the  influence  weight  of  each 
parameter  and  how  each  parameter  affects  the  output. 

Using  a  goal-driven  optimization  approach,  different  design  points  were  rate  and  the  best  design  is 
identified.  As  compared  to  the  effect  of  the  other  variable  thickness  is  found  to  be  the  most  influential 
variable  affecting  the  draw  weight. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

The  bow  with  its  arrow  has  been  an  efficient  weapon  in  the  past 
and  it  dates  back  to  prehistory.  Archery  is  the  practice  or  skill  of 
propelling  arrow  by  using  a  bow.  Historically,  archery  has  been 
used  for  hunting  and  in  combat,  while  in  modern  times,  is  prac¬ 
ticed  as  an  Olympic  sport. 

Turkish  traditional  archery  goes  back  to  the  first  millennium 
B.C.  and  is  typical  Scythians,  Huns  and  other  early  Asian  nations. 
The  horseback  archers  of  central  Asian  steps  have  used  very  similar 
archery  tackling  and  fighting  strategies  throughout  the  entire 
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history  and  the  nomadic  life  style  avoids  making  a  clear,  distinctive 
categorization  of  the  tribes  and  nations  1,2].  In  central  Asia  the 
arrow  and  the  bow,  together  with  the  sword  were  characteristic 
weapons  in  hunting  as  well  as  in  fighting.  While  the  sword  was 
the  only  weapon  in  face  to  face  combat,  the  bow  and  the  arrow 
was  the  long  range  weapon. 

The  Turkish  bow  is  a  recurved  bow  and  incorporates  organic 
composites.  Its  distinctive  shape  and  the  composite  system  used 
in  manufacturing  are  responsible  for  its  excelling  power.  Its  short 
length  provided  important  advantages  such  as  ease  of  use  on  horse 
for  horseback  archers. 

Turkish  bow  incorporates  animal  horn  on  the  side  facing  the 
archer  and  sinew  on  the  back  side  with  a  wooden  core  in  the  mid¬ 
dle.  Fish  glue  is  used  in  sandwiching  these  materials.  Due  to  its 
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inherent  nature,  this  technique  of  manufacturing  the  bow  takes 
very  long  time  [2-4]. 

Although  Turkish  bow  is  one  of  the  best  neither  its  design  nor 
its  manufacturing  technique  is  not  documented  in  the  literature. 
Bowyers  relied  heavily  upon  experience  in  the  design  and  manu¬ 
facturing  the  bow.  Also  the  effect  of  each  element  of  the  bow  on 
its  performance  is  missing  as  well.  Bow  makers  learned  through 
oral  transfer  of  knowhow  and  trial  (practical  demonstration).  A 
wide  range  of  studies  were  made  by  Kooi  [5-7],  covering  both 
the  mechanics  and  the  design  of  the  bow.  His  works  cover  long¬ 
bows  and  to  some  extent  the  recurved  bows  without  any  specific 
consideration  of  Turkish  Tirke§  bows.  Due  to  the  lack  of  accumu¬ 
lated  knowledge  bow  design  and  performance  were  improved  by 
“try  and  cut”  method  [8].  The  main  goal  of  present  work  is  to 
develop  a  working  drawing  of  a  typical  Turkish  bow  based  on 
museum  samples,  replicate  a  bow  and  test  it,  identify  the  basic 
parameters  affecting  the  bow  performance  and  through  parametric 
optimization  design  a  bow  with  maximum  efficiency. 

This  paper  deals  with  the  geometry  and  the  mechanics  of  the 
bow.  Parts  of  the  bow  are  clearly  identified  [9].  The  length,  thick¬ 
ness,  width  and  profile  of  each  part  of  bow  are  determined  based 
on  the  traditional  samples  existing  among  museum  collections. 
These  parameters  are  taken  as  optimization  parameters  [4-10]. 
The  dynamics  of  system  are  considered  in  global  sense,  which 
means  that  no  discretization  in  time  domain  is  necessary.  Maxi¬ 
mum  elastic  energy  storage  capacity  per  unit  mass  is  calculated 
[11,12].  The  influence  of  geometric  parameters  on  the  bow  perfor¬ 
mance  is  separately  calculated.  While  organic  materials  are  used  in 
the  traditional  Turkish  bow,  the  bow  studied  in  the  present  work 
involves  synthetic  materials  which  are  E-glass  fiber  and  epoxy. 
This  preserves  the  composite  structure  of  the  original  bow  without 
affecting  the  optimization  process. 

1.1 .  Description  of  the  geometry 

Turkish  bow  can  be  classified  into  three  groups:  war  (Tirke§), 
target  (Puta)  and  long  range  (Menzil)  bows.  They  are  made  of  same 
material  and  at  unstrung  position  they  look  like  very  similar  to 
each  other.  Their  differences  appear  at  draw  characteristics.  The 
general  composite  bow  states  are  illustrated  in  Fig.  1.  Each  part 
of  a  Turkish  bow  has  its  own  name.  Some  of  them  have  English 
equivalents  but  some  have  not.  Bow  is  symmetric  with  respect  to 
the  line  of  aim.  This  part  is  named  as  grip  (qabza)  where  archer 


0  5  10  15  20  25  30  35  40  45 

Draw  Length 


Fig.  3.  The  difference  between  recurved  and  self  bow  stored  energy. 

grips  the  bow.  The  smooth  bending  part  is  the  limb  section.  It  is 
the  working  part  of  the  bow.  The  kink  part  is  kassan  section.  There 
are  transition  points  between  grip-limb  and  limb-kassan  parts. 
They  are  named  as  grip  eye  (grip  throat)  and  kassan  eye,  respec¬ 
tively.  Bending  occurs  widely  between  these  two  points.  Nock 
point  is  the  attachment  hole  for  fixing  the  string  at  the  tip  section. 
Grip,  kassan  and  tip  are  rigid  parts  of  the  bow.  These  parts  gain 
their  rigidity  particularly  from  their  cross  sectional  shape  (see 
Fig.  5).  Bow  has  a  rectangular  cross  section  its  width  greater  than 
its  thickness  starting  from  grip  to  kassan.  However  beginning  from 
kassan,  cross  sections  becomes  thick  until  the  tip  part  that  assumes 
nearly  a  square  cross  section  [9]. 


2.  Beam  mechanics 

Typical  recurved  bow  in  its  drawn  state  is  shown  in  Fig.  2.  The 
key  components  in  all  bow  types  are  the  same.  They  are  the  draw 
length,  the  distance  between  qabza  and  nock  point  and  the  height 
at  braced  position.  A  rigorous  mechanical  model  of  the  bow 
requires  a  precise  definition  of  the  basic  geometrical  features  of 


Fig.  1.  The  three  states  of  a  recurved  bow. 


Fig.  4.  The  part  of  a  recurved  bow. 
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Fig.  5.  The  cross  section  of  bow  (lighter  part  are  added  later  for  embellishment). 

the  bow.  Hickman  developed  a  number  of  mechanical  models  13]. 
The  related  studies,  however,  are  not  available  in  the  open  litera¬ 
ture.  He  developed  an  analytical  method  to  determine  the  dynamic 
force,  the  accelerations  and  velocities  of  the  arrow.  His  mode  was 
very  simple.  He  treated  the  limbs  as  rigid  elements  connected  to 
the  grip  by  linear  elastic  hinges.  Kooi  and  Bergman  showed  the 
characteristic  performance  of  different  bow  types  [14].  In  their 
model,  the  limbs  are  treated  as  beams  storing  elastic  energy  due 
to  bending.  In  a  different  study  [5]  Kooi  used  several  linear  elastic 
hinges  connecting  the  rigid  elements  with  their  mass  concentrated 
at  the  center.  Kooi’s  results  are  validated  for  long  bows.  Since  the 
profile  of  a  recurved  bow  is  basically  different  than  that  of  long 
bows,  the  validation  of  the  Kooi’s  analysis  should  be  extended  to 
required  bows. 

The  Hungarian  bow  is  a  typical  recurved  bow.  Since  Turkish  and 
Hungarian  bows  are  very  similar  in  shape,  Horvath  model  as 
described  in  17]  can  be  extended  to  predict  the  behavior  of  Turk¬ 
ish  bows.  Horvath’s  analysis  is  based  on  a  number  of  simplifying 
assumptions.  Since  kassan  and  tip  parts  of  the  bow  are  rigid,  nearly 
no  bending  occurs  at  these  sections.  The  limb  itself  is  treated  as  an 
arc  with  uniform  cross  section.  Neglecting  the  cross  sectional  var¬ 
iation  along  the  limb  arc  in  the  Turkish,  the  analysis  of  Horvath  is 
taken  as  valid  for  Turkish  bow  as  well. 

To  investigate  statics  of  the  recurved  type  of  bow  three  points 
on  bow  are  defined.  Point  1,  point  2  and  point  3  are  end  points 
of  qabza,  limb  and  kassan  section  respectively.  As  the  bow  is  drawn 
point  2  and  point  3  positions  are  chancing  while  point  1  is  fix.  The 
new  point  of  the  point  2  can  be  calculated  by  mechanics  of  mate¬ 
rial  approach.  Vertical  and  horizontal  forces  as  well  as  momentum 
are  calculated  by  deflection  of  curved  member.  The  limb  is 
accepted  as  a  curve  which  is  a  flat  curved  member  supported  at 
one  end.  Thus  the  change  in  angle  and  displacement  are  calculated 
[15,16]. 

(p  =  ^-T  (cqM  +  a2rF  +  a3rH)  (1) 

ti 

h=^(b1M  +  b2rF+b3rH)  (2) 

v  =  r^(c,M  +  c2F  +  c3rH)  (3) 

ai  =  P 

a2  =  Ci  =  p  sin  p  -  p  cos  p 

a3  =  b\  =  p  sin  p  +  p  cos  p  -  1 

b2  =  c3  =  0,5  -  [1 , 5)8  sin  p  +  pcos  p  -  1]  cos  p 


b3  =  p[ 0, 5  +  sin2  p\  +  (1 , 5  cos  p  -  2)]  sin  p 
c2  =  P[ 0, 5  +  cos2  p\  -  1 , 5  cos  p  sin  p 

where  cp  is  the  angle  between  point  2  final  and  origin  position,  h 
and  v  are  horizontal  and  vertical  distance  of  this  point  respectively. 
The  method  of  gradual  approach  is  applied  to  reach  acceptable 
error.  When  the  transformation  matrix  and  the  new  position  of 
point  are  gained,  last  situation  of  point  3  can  also  be  calculated. 
Draw  weight  is  the  maximum  amount  of  force  an  archer  will  apply 
while  drawing  the  bow.  This  maximum  force  is  calculated  by  using 
the  following  equations: 


F  Fl 

2  cos  y 

(4) 

x-xs3 

cos  y  =  B 

(5) 

ab  -  J a2b2  -  (1  +  b2)  •  ( a 2  -  si) 

Xs3  =  ,  .2 

1  +b 

(6) 

x2  +  (L-s,)2  +s|  - B 2 

a  = 

2  (L-s,) 

(7) 

b=* 

I  —  Si 

(8) 

Here  Fx  is  draw  weight,  y  is  the  angle  between  the  string  and  hori¬ 
zontal  plane.  xs3  is  the  projected  distance  of  s3  on  the  base  plane. 
The  drawing  force  continuously  increases  while  the  bow  is  drawn. 
Starting  with  the  braced  state  up  to  the  drawn  state,  the  geometry 
of  the  bow  can  be  calculated  iteratively.  Iteration  is  stopped  when 
error  limit  is  reached.  The  force  Fx  acting  on  the  arrow  is  a  function 
of  the  angle  between  the  string  (y)  and  the  base  line.  At  braced  state 
the  angle  is  perpendicular  to  the  string.  As  the  bow  is  drawn  the 
angle  decreases.  In  the  Horvath’s  analysis,  the  imparted  force  to 
the  arrow  has  found  to  vary  linearly  with  draw  length  [17-19]. 
The  comparison  between  the  manufactured  bow  and  mathematical 
model  is  shown  in  the  further  section. 

2.1.  Profile 

Turkish  bow  is  a  recurved  bow.  The  advantage  of  this  type  of 
bow  is  that  at  braced  position  initial  force  on  the  arrow  is  different 
than  zero.  The  non-zero  initial  force  is  simply  due  to  the  initial  ten¬ 
sion  of  the  string  18,19].  As  compared  to  other  types,  for  the  same 
final  draw  weights,  recurved  bow  with  its  reflex  profile  causes 
more  energy  to  accumulate.  The  difference  can  be  felt  especially 
at  the  initial  and  mid-stage  of  the  draw  process. 

This  phenomenon  can  best  be  represented  with  a  draw  weight 
versus  draw  distance  plot  as  shown  in  Fig.  3.  The  area  under  the 
draw  weight  -  draw  distance  curve  represents  the  accumulated 
energy  in  the  bow.  While  conventional  bows  give  a  straight  line, 
the  Turkish  bow  gives  a  curve  which  is  concave  down.  The  area 
in  between  the  two  curves,  as  shown  dashed  in  Fig.  3,  gives  the  dif¬ 
ference  in  the  accumulated  energy. 

2.2.  Bow  parts 

Grip  is  the  stiff  part  and  it  is  where  the  bow  is  handled  (Fig.  4). 
In  order  to  serve  as  a  handle,  it  is  manufactured  as  the  thickest  part 
of  the  bow.  It  has  an  elliptic  section  with  trimmed  bottom.  Based 
on  samples  from  museum  collections,  grip  varies  between  9  and 
14  cm  in  length.  Since  it  has  no  effect  on  the  bow  performance 
and  arrow  speed,  traditional  grip  design  is  replicated  without  any 
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alteration.  The  important  part  of  the  grip  is  its  eye  where  the  arrow 
either  on  its  right  or  left  is  supported  while  shooting.  Grip  eye  has 
an  offset  with  respect  to  the  grip  center  by  6  to  8  cm.  Offset 
depends  on  the  size  of  the  archer’s  hand. 

Grip  eye  is  the  narrowest  part  of  the  bow.  Theoretically,  the  pro¬ 
pelling  force  acts  along  the  line  of  aim.  Due  to  the  unavoidable 
width  of  the  grip  eye,  arrow  will  have  an  offset  from  the  line  of 
aim  equal  to  the  half  of  the  width.  Due  to  this  offset,  the  arrow  will 
vibrate  in  the  plane  perpendicular  to  the  bow  plane  and  therefore, 
undulate  in  its  motion  toward  the  target.  Due  to  the  offset  of  the 
arrow  with  respect  to  the  bow  eye  center,  as  the  archer  draws 
the  bow,  the  bow  will  experience  torsion,  superimposed  on  in¬ 
plane  bending.  Such  a  combined  loading  is  important  issue  in 
designing  the  composite  structure. 

Limb  is  the  most  important  part  of  the  bow.  Probably  the  bow 
will  fail  at  limb.  Traditional  Turkish  composite  bow  has  a  sandwich 
structure  in  which  organic  materials  are  used.  As  the  bow  is  drawn, 
the  archer  side  and  the  side  opposite  to  the  archer  act  differently. 
While  the  archer  side  is  in  compression,  the  opposite  side  is  in  ten¬ 
sion.  It  is  for  this  reason  that  traditional  bows  are  reinforced  by 
sinew  on  their  side  opposite  to  the  archer  and  by  horn  on  their 
archer  side. 

The  geometry  of  the  limb  cross  section  is  influential  on  the  bow 
efficiency.  Since  a  half  round  section  has  always  less  area  as  com¬ 
pared  to  that  of  a  rectangular  section,  a  half  round  section  is 
preferred  for  the  limb  section.  A  half  round  section  allows  using 
less  material  for  optimum  design.  Such  a  section  will  reduce  the 
material  usage  approximately  by  30%  [4]. 

3.  Manufacturing 

Using  the  compiled  geometric  data  from  the  museum  collec¬ 
tions  and  the  literature,  a  bow  is  designed  using  the  ANSYS  Design 
Modeller  [20].  A  mold  suitable  for  hand  lay-up  is  designed  and 
manufactured.  The  mold  basically  consists  of  two  parts  which  are 
the  mirror  images  of  each  other.  E-glass  fiber  cloth  cut  in  appropri¬ 
ate  shape  is  laminated  within  the  mold  cavity  using  epoxy  resin 
[21 ].  For  strength  purposes,  continuous  fibers  are  laid  along  the 
bow  length  with  higher  fiber  density  in  narrower  sections.  Narrow 
sections  are  thus  strengthen.  Since  bow  thickness  varies  from  tip  to 
tip,  more  fiber  is  laid  in  thicker  sections.  The  bow  at  its  grip  throat 
is  further  reinforced  by  skew-symmetric  60°  fibers  to  eliminate 
twisting.  The  entire  mold  with  fibers  laid  in  epoxy  is  packed  in  a 
plastic  bag  and  vacuumed  as  shown  Fig.  6.  The  epoxy  is  allowed 
to  cure  for  twenty-four  hours  at  room  temperature.  Cured  struc¬ 
ture  taken  out  of  the  mold  in  ready  for  use. 

The  bow  was  calibrated  and  its  draw  weight  is  determined.  The 
calibration  setup  consists  of  a  fixture  fixing  the  bow.  The  drawn 
force  at  different  draw  distances  was  measured  with  a  spring  bal¬ 
ance.  The  calibration  curve  is  given  in  Fig.  7.  Standard  draw  dis¬ 
tance  for  a  typical  Turkish  bow  is  70  cm  (28  in.).  This  distance  is 
measured  from  outer  face  of  the  qabza  to  the  string.  At  this  draw 
distance  measured  draw  weight  was  29,5  kg  (65  lb).  The  draw 


Fig.  6.  The  vacuum  packed  mold. 
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Fig.  7.  Draw  weight  -  draw  distance  of  the  manufactured  bow  and  calculated  bow. 

weight  -  draw  distance  characteristic  of  the  bow  is  found  to  be 
in  congruence  with  that  of  similar  traditional  bows  and  that  of  sim¬ 
ulated  bows.  From  beginning  of  the  draw,  up  to  approximate  half 
the  draw  distance,  draw  weight  increases  with  the  square  of  the 
draw  distance  from  the  mid  draw  position  onward  draw  weight 
varies  linearly  with  draw  distance.  The  natural  consequence  of  this 
recurved  bow  characteristic  is  that  more  effort  is  required  to  draw 
such  bows  as  compared  to  non-recurved  bows. 

Mathematical  model  is  very  close  to  linear  relationship.  How¬ 
ever  as  mentioned  before  recurved  type  of  bows  have  concave  path 
on  draw  weight  -  draw  distance  graph.  At  the  preliminary  section 
we  had  assumptions.  One  of  the  was  limb  has  perfect  arc  shape, 
but  simulation  study  and  mechanical  drawing  show  that  bow  has 
not  perfect  arc  shape  when  drawing.  This  can  cause  difference 
between  calculated  and  measured  forces.  A  correction  factor  may 
be  applied.  Also  beam  was  assumed  to  be  uniform  cross-section, 
but  in  reality  it  is  not.  This  is  a  second  affect  on  the  difference. 

4.  Optimization 

An  archery  bow  is  evaluated  in  terms  of  its  arrow  speed,  hit 
accuracy,  draw  comfort  and  controlled  release  and  durability.  Pres¬ 
ent  study  aims  at  to  reduce  the  mass  in  the  limb  section  in  order  to 
maximize  the  initial  arrow  velocity  and  therefore  to  boost  the  effi¬ 
ciency.  Deformation  in  the  draw  direction  under  static  load,  plastic 
strain  and  equivalent  stress  are  taken  as  the  restrictions. 

Self  bows  consisting  of  a  single  material  are  bows  which  are 
manufactured  easily  with  no  production  subtlety.  Curvature  of 
such  bows  is  not  appreciable  and  they  are  powerful  only  if  they 
are  long.  They  can  be  as  high  as  a  human.  English  bows,  known 
as  long  English  bows,  are  such  typical  bows  compared  to  recurved 
bows,  the  effective  range  of  long  bow  is  necessarily  less.  Due  to 
their  heavy  limbs  they  result  in  lower  initial  arrow  speed.  More¬ 
over,  due  to  their  length,  they  cannot  be  used  while  horse  riding. 
Recurved  bow  design  requires  highly  elastic  behavior,  especially 
in  the  limb  section.  As  the  bow  is  drawn,  the  limb  acts  as  a  canti¬ 
lever  with  compression  on  its  belly  and  tension  on  its  ridge.  It  is 
difficult  to  find  a  single  material  that  will  provide  sufficient 
strength  under  high  degrees  of  both  tension  and  compression. 
Composites  provide  good  solutions  in  such  demanding  applica¬ 
tions  [22,23].  In  early  traditional  bows  organic  composites  are 
used.  Sinew  is  used  as  the  fiber  in  the  composite.  Fish  glue  is  used 
as  resin.  In  today  bows  organic  composites  are  replaced  by  modern 
composites  in  cooperating  carbon,  aramid  or  E-glass  fiber.  Epoxy  is 
the  common  resin  in  such  applications  [22,23]. 

The  higher  the  draw  weight,  the  higher  the  initial  speed  will  be. 
Higher  draw  weight  can  be  achieved  with  high  level  of  reflex  and 
therefore  a  recurved  profile  with  higher  curvature.  Draw  weight 
can  also  be  increased  by  thickening  bow  thickness.  While  draw 
weight  can  be  increased  by  increasing  the  reflex  level  or  by 
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increasing  the  bow  thickness,  increase  in  draw  weight  is  limited 
with  archer’s  potential.  Therefore,  bow  designs  with  high  reflex 
or  thicken  should  not  be  aimed  at.  The  aim  should  be  to  achieve 
high  efficiency  bows  giving  higher  initial  speeds  with  lower  draw 
weights.  The  main  concern  of  the  present  study  is  to  develop  bows 
of  this  nature. 

Basically,  bows  store  energy  and  impart  the  stored  energy  to  the 
loaded  arrow.  As  such,  performance  of  a  bow  is  characterized  by  its 
ability  to  store  energy.  If  the  draw  force  F  is  applied  at  a  distance  x, 
the  stored  elastic  energy  can  be  computed  as: 

E=  r°F(x)dx,  (9) 

Jx= 0 

where  D  is  the  maximum  draw  distance.  For  an  arrow  of  mass  m, 
the  kinetic  energy  imparted  to  the  arrow  will  be: 

K  =  ^mV2  (10) 

where  V  is  the  initial  arrow  velocity. 

The  efficiency  of  the  bow  is  then  defined  as  the  ratio  of  the 
kinetic  energy  imparted  to  the  arrow  to  the  stored  elastic  energy. 
Fundamental  parameters  affecting  the  bow  efficiency  are  the  mass 
of  limb  with  rigid  section  and  the  mass  of  the  arrow.  As  the  archer 
releases  the  string,  the  arrow  is  propelled  and  the  limb  is  set  into 
vibration.  As  such,  the  limb  consumes  part  of  the  stored  energy 
and  thus  allows  only  part  of  the  stored  energy  to  be  imparted  to 
the  arrow.  Our  aim  is  to  increase  the  bow  efficiency  by  reducing 
the  energy  consumed  by  the  limb. 

4A.  Optimization  of  the  design 

Parametric  optimization  is  crucial  in  the  design  process.  It 
reduces  both  the  development  time  and  cost.  There  are  many  opti¬ 
mization  tools.  In  this  study  ANSYS®  mechanical  APDL  is  used.  For 
small  number  of  optimization  parameters  mechanical  APDL  is  a 
highly  efficient  tool  [24,25]. 

Based  on  the  complied  data,  the  bow  is  drawn  in  the  ANSYS 
Workbench  design  modeler  considering  the  weak  sections  with 
their  beginning  and  end  points  [26,27].  Parameters  governing  the 
behavior  of  the  bow  are  first  identified.  These  parameters  are  suf¬ 
ficient  to  identify  the  bow  geometry  and  its  design. 

To  avoid  failures  in  the  regeneration  of  the  model  in  the  itera¬ 
tion  process,  mathematical  relations  between  parameters  were 
defined.  Since  the  bow  is  symmetric  both  in  the  y-direction  (longi¬ 
tudinal  direction)  and  in  the  z-direction  (lateral  direction),  only 
one  quarter  of  the  bow  is  modeled  as  shown  in  Fig.  8. 


Table  1 

Data  of  reinforced  with  glass  fiber  resin  static  test  in  standard  climate. 


Data  of  reinforced  with  glass  fiber  resin  static  tests  in  standard  climate  Hexion 
L285  epoxy  (%45  fiber) 

Flexural  strength 

[N/mm2] 

510-560 

Tensile  strength 

[N/mm2] 

460-500 

Compressive  strength 

[N/mm2] 

410-440 

Modulus  of  elasticity 

[kN/mm2] 

20-24 

Optimization  is  the  process  of  identifying  the  optimum  solution 
among  a  set  of  candidate  solutions.  Basically  it  involves  either  the 
maximization  or  minimization  of  an  objective  function  in  the  pres¬ 
ence  of  constraints.  The  solution  domain  is  defined  through  opti¬ 
mization  parameters.  Glass  fiber  reinforced  epoxy  is  used  to 
construct  the  bow.  Material  property  data  for  this  composite  is 
given  in  Table  1. 

The  first  step  of  the  optimization  process  is  to  create  a  3-D  solid 
model  of  the  bow.  The  model  is  characterized  in  terms  of  seven¬ 
teen  parameters  which  are  summarized  in  Fig.  9.  The  bow  is  fixed 
at  its  grip  part.  The  bow  is  loaded  with  a  standard  draw  weight  of 
31.9  kg  (701b).  Since  the  sections  of  the  bow  ahead  of  the  nock 
point  and  the  upper  part  of  the  grip  section  have  no  effect  on  the 
bow  performance,  these  parts  are  not  included  in  the  model. 
Deflection  in  the  limbs  is  excessive. 

Therefore  the  model  allows  for  geometric  non-linearity.  Static 
strain  analysis  of  the  bow  was  done  within  the  ANSYS  Workbench 
environment.  Equivalent  strain  results  are  given  in  Fig.  10.  In  con¬ 
trast  with  the  earlier  fundamentals  assumption  that  limb  deforms 
into  a  circular  arc  [17],  limb  deflection  is  noncircular  and  complex 
in  nature.  The  maximum  stress  occurs  at  the  grip  eye.  Although 
stress  is  maximum  at  the  grip  eye,  it  remains  within  safe  limits. 

The  range  of  each  parameter  in  the  parameter  set  that  charac¬ 
terizes  the  bow  design  is  given  in  Table  2.  Base  on  these  parame¬ 
ters,  experiment  design  results  in  291  design  points.  At  each 
design  point,  finite  element  structural  analysis  of  the  bow  is  car¬ 
ried  out  to  obtain  the  set  of  performance  parameters  characterizing 
behavior  of  the  bow  at  that  point.  The  set  of  performance  parame¬ 
ters  consists  of  the  maximum  deformation  in  the  transverse  direc¬ 
tion,  namely  the  x-direction,  the  maximum  equivalent  stress  and 
the  strain  energy.  These  parameters  are  generally  referred  to  as 
the  output  parameters. 

Based  on  the  solutions  at  these  design  points,  the  local  sensitiv¬ 
ity  chart  and  the  response  surfaces  are  obtained.  The  local  sensitiv¬ 
ity  chart  shows  the  impact  of  the  input  parameters  on  the  output 
parameters.  A  typical  sensitivity  chart  is  shown  in  Fig.  11.  A 
response  surface  gives  the  variation  of  output  parameters  over 


Fig.  8.  Finite  element  modeling;  symmetric  model. 
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A:  Static  Structural  (ANSYS) 
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Time:  1.  s 
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[B]  Fixed  Support 


Bow  Grip 

Beginning  Throat 


Grip 

Length 


Limb 

Length 


Kassan 

Length 


Fig.  9.  The  parameters  of  the  bow. 


Fig.  10.  The  simulation  result  of  the  bow. 


the  search  domain,  the  domain  designed  by  the  input  parameters. 
The  response  surface  is  basically  created  via  a  curve  fit  through  the 
design  points.  From  the  response  surface  it  will  be  possible  to  find 
out  output  results  for  input  parameter  combination  that  has  not 
been  solved  for. 

As  it  can  be  seen  in  Fig.  11,  the  most  influential  input  parameter 
on  all  the  output  parameters  is  the  thickness.  The  effect  of  thick¬ 
ness  on  the  transverse  deformation  is  6  times  larger  than  the  effect 
of  kassan  width  which  is  the  next  influential  parameters  affecting 
the  transverse  deformation.  The  effect  of  thickness  on  strain  and, 
therefore,  stored  energy  is  appreciable  as  well.  Since  organic  com¬ 
posites  offer  less  strength,  older  bows  were  thick.  With  new  com¬ 
posites,  although  the  same  strength  can  be  achieved  with  thinner 
sections,  such  bows  will  be  more  compliant  and  capable  of  storing 
less  energy.  As  important  as  stored  energy,  susceptibility  to  twist  is 
crucial.  Since  these  bows  can  twist,  bows  with  thickness  less  then 
5  mm  should  be  avoided.  Such  bows  necessarily  require  higher 
draw  weights.  Increased  draw  weight  with  increasing  thickness 
should  then  be  reduced  by  controlling  parameters  such. 

The  other  parameters  that  are  effective  are  the  parameters 
related  to  the  kassan  and  the  limb.  The  effect  of  parameters  related 
to  the  tip  part  is  low  and,  therefore,  can  be  neglected.  Since  the  grip 
is  fixed,  its  effect  on  transverse  deformation,  and  strain  energy  can 
effectively  be  ignored. 

An  optimum  design  may  end  up  with  highly  stress  in  the  bow. 
The  stress  level  may  approach  the  maximum  possible  strain. 


Table  2 

The  parameters  and  their  ranges. 


Parameters 

Range  (mm) 

PI 

Kassan  cutting 

2. 5-3.0 

P2 

Kassan  arc 

100-120 

P3 

Kassan  height 

90-105 

P4 

Kassan  width 

100-120 

P5 

Kassan  end 

16.2-19.8 

P6 

Thickness 

4.5-7.0 

P7 

Grip  eye 

9.0-10.0 

P8 

Bow  beginning 

11.5-13 

P9 

Grip  1 

36-44 

P10 

Grip  2 

18-22 

Pll 

Grip  3 

36-44 

PI  2 

Limb  end 

12.0-14 

PI  3 

Limb  length 

240-280 

PI  4 

Limb  beginning 

13-15 

PI  5 

Tip  width 

9.0-10 

PI  6 

Tip  thickness 

18-20 

PI  7 

Tip  height 

94.5-115.5 

Parameters  controlling  the  stress  are  that  of  the  kassan,  limb  and 
the  thickness  itself.  While  it  is  possible  to  control  the  stress  by 
increasing  the  thickness,  increase  in  thickness  is  associated  with 
an  important  adverse  effect.  With  increasing  thickness,  draw 
weight  also  increases  which  is  not  desirable.  Although  the  influ¬ 
ence  of  the  grip  eye  on  bow  performance  seems  to  be  negligible 
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Fig.  11.  The  local  sensitivity  chart  of  the  bow. 


from  the  durability  point  of  view  it  should  not  be  ignored  since  it  is 
the  narrowest  section  in  the  bow. 

The  effect  of  the  design  parameters  on  the  output  parameters 
are  easily  observed  in  the  graphs  for  the  response  surfaces.  Such 
typical  surfaces  are  shown  in  Fig.  12.  Fig.  12(a)  shows  the  variation 
of  maximum  equivalent  stress  as  a  function  of  kassan  width  and 
kassan  arc.  Fig.  12(b),  on  the  other  hand,  shows  the  variation  of 
maximum  equivalent  stress  as  a  function  of  thickness  and  limb 
length.  Maximum  equivalent  stress  first  increases,  goes  through  a 
maximum  and  then  decreases,  as  kassan  width  increases.  The  var¬ 
iation  of  maximum  equivalent  stress  with  kassan  arc  is  similar: 
first  it  increases,  goes  through  maximum  and  decreases.  As  it  can 
be  seen  from  the  graph  maximum  equivalent  stress  occurs 


approximately  at  the  mid  value  of  the  kassan  width  and  kassan 
arc,  which  is  typically  110  mm.  From  this  behavior,  one  can  con¬ 
clude  that  if  kassan  width  is  to  take  its  mid  range  value,  the  kassan 
arc  cannot  take  its  mid  range  value  and  vice  versa. 

As  expected,  maximum  value  of  the  stress  is  inversely  propor¬ 
tional  to  its  thickness.  For  a  safe  bow,  bow  thickness  should  not 
be  lower  than  5  mm.  Fig.  12  shows  that  limb  length  has  no  appre¬ 
ciable  effect  on  stress.  Limb  length,  on  the  other  hand,  is  detrimen¬ 
tal  for  the  bow  mass  and,  therefore,  affecting  the  bow  efficiency. 

Once  the  response  surfaces  are  obtained,  the  optimum  design 
can  be  achieved  through  goal  driven  optimization.  In  goal  driven 
optimization,  design  parameters  are  associated  with  correspond¬ 
ing  weight  and  either  declared  to  be  minimized  or  maximized. 


M2  •  Equivalent  Stress  Maximum 
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Fig.  12.  The  response  surfaces  for  kassan  width,  kassan  arc  and  limb,  thickness  with  respect  to  maximum  stress. 
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Table  3 

The  initial  design  and  optimum  design  results  and  their  differences. 


Parameters 

Initial  design  (mm) 

Optimized  design  (mm) 

Difference  (%) 

PI 

Kassan  cutting 

2.5 

2.78 

11.2 

P2 

Kassan  arc 

110 

103.2 

-6.2 

P3 

Kassan  height 

90 

102.2 

13.6 

P4 

Kassan  length 

110 

105.8 

-3.8 

P5 

Kassan  end  (width) 

18 

17.8 

-1.1 

P6 

Thickness 

6 

5.2 

-13.3 

P7 

Grip  eye  (width) 

9 

9.1 

1.1 

P8 

Bow  beginning  (width) 

13 

12.8 

-1.5 

P9 

Grip  1  (Gl) 

40 

38 

-5 

P10 

Grip  2  (G2) 

20 

21.3 

6.5 

Pll 

Grip  3  (G3) 

40 

42.4 

6 

P12 

Limb  end  (width) 

13 

13.1 

0.8 

P13 

Limb  length 

260 

261.4 

0.5 

P14 

Limb  beginning  (width) 

13 

14.5 

11.5 

P15 

Tip  width 

9 

9.6 

6.7 

P16 

Tip  thickness 

18 

19.7 

9.4 

P17 

Tip  height 

105 

111.4 

6.1 

01 

Equivalent  stress  max.  (MPa) 

2700 

2250 

-16.6 

02 

Geometrical  mass  (Gr.) 

560 

480 

-14.2 

The  basic  step  of  the  goal  driven  optimization  scheme  is  outlined 
below: 

1.  Define  design  goals  for  the  optimization. 

2.  Create  new  design  points  through  sample  generation  from  the 
specified  goals. 

3.  Select  the  best  candidate  or  candidates  and  verify  the  validity  of 
the  candidate  design  point  by  analyzing  the  finite  element  plat¬ 
form.  This  will  complete  the  generation  of  the  set  of  reference 
design  points. 

In  goal  driven  optimization  methodology  Screening,  Moga  and 
NLPQL  options  are  available.  Screeing  is  preferred  in  the  present 
study.  While  screeing  a  new  sample  set  is  generated  and  the  sam¬ 
ple  are  sorted  based  on  the  set  objectives.  Directional  deformation 
and  strain  energy  are  maximized  while  the  geometric  mass  is  min¬ 
imized.  Mass  and  equivalent  stress  are  declared  to  have  higher 
importance.  Upon  updating  goal  driven  optimization,  rated  candi¬ 
date  designs  are  obtained.  The  design  with  the  highest  rating  is 
then  selected.  The  initial  design  prior  to  optimization  and  the  opti¬ 
mum  design  are  compared  in  Table  3. 

The  initial  and  the  optimized  designs  are  compared  in  Table  3. 
The  comparison  reveals  that  there  are  no  drastic  difference 
between  the  original  a  design  and  the  optimum  design.  As  a  result 
of  the  optimization,  there  is  an  increase  in  some  parameters  as  well 
as  a  decrease  in  other  parameters.  As  a  whole,  however,  there 
appears  no  appreciable  improvement.  This  can  be  attributed  to 
the  fact  that  the  original  design  is  a  strict  replica  of  museum  sam¬ 
ples.  These  bows  are  inherently  optimum  in  the  sense  that  they 
reflect  the  improvements  based  on  usage  over  a  time  span  consist¬ 
ing  of  several  centuries. 

Draw  weight  of  the  curve  was  calculated  by  Horvarths’  formula 
(25i  =  120mm,  S3  =  1 1 0  mm,  2L  =  1200  mm,  A  =  95  mm, 
B  =  380  mm,  X=  180  mm).  It  is  29.16  kg  (64.38  lb).  There  is  2.6  kg 
difference.  In  this  model  there  were  two  assumptions  which  are 
limb  makes  perfect  arc  and  cross  section  is  same  along  bow.  Sim¬ 
ulation  studies  showed  that  limb  does  not  make  a  perfect  arc. 
Therefore  it  can  be  said  that  recurve  shape  cause  this  difference. 
Since  cross-section  of  the  Turkish  bow  is  variable  along  bow,  draw 
weight  expected  to  be  lower. 

5.  Conclusion 

In  spite  of  the  fact  that  the  Turkish  bow  is  one  of  the  best  bows, 
its  performance  and  mechanical  properties  have  not  been 


documented  in  detail.  The  preliminary  design  of  the  bow  studied 
in  this  work  is,  therefore,  based  on  geometrical  and  structural  data 
gathered  from  the  museum  collections  in  Turkey.  The  preliminary 
design  is  optimized  for  maximum  performance.  To  this  end  a  com¬ 
puter  integrated  optimization  scheme  is  employed.  The  entire  opti¬ 
mization  process  is  fully  automatic  and  streamlined. 

The  superiority  of  the  Turkish  bow  as  compared  to  others  can  be 
attributed  to  its  unique  structure  defined  by  its  recurved  profile 
and  distributed  rigidity.  The  recurved  profile  allows  for  higher 
energy  storage.  The  bow  is  not  uniform  rigidity  throughout  -  it  is 
rigid  wherever  it  is  required.  For  example  while  the  grip  and  kas- 
san-tip  of  the  bow  is  designed  to  be  rigid,  the  limb  is  designed  to 
be  compliant.  The  limb  then  acts  as  a  cantilever  beam  and  simula¬ 
tion  result  have  proved  that  highest  stress  occurs  at  the  grip  throat. 

A  bow  is  manufacture  and  tested.  The  draw  weight  -  draw  dis¬ 
tance  characteristic  of  the  preliminary  bow  is  seen  to  agree  with 
the  characteristics  of  the  traditional  bow.  At  early  and  mid  draw 
distance  the  Turkish  bow  requires  more  force  as  compared  to  other 
bows.  Consequently  it  is  capable  of  storing  more  energy  and  thus 
resulting  in  higher  initial  arrow  speeds. 

The  mathematical  model  solutions  and  mechanical  test  mea¬ 
surements  were  compared.  It  is  found  that  they  are  very  close  to 
each  other  but  have  small  differences.  There  are  probably  caused 
by  the  assumptions  that  made  in  the  preliminary  section  to  make 
calculation  easier. 

The  most  important  feature  of  a  bow  is  its  higher  initial  speed 
for  the  same  draw  weight.  One  way  to  granting  a  high  initial  speed 
capability  for  a  given  draw  weight  is  to  increase  the  bow  efficiency 
by  reducing  the  limb  weight.  A  bow  optimized  for  reduced  mass 
will  then  serve  for  this  purpose. 

A  typical  bow  is  characterized  in  terms  of  seventeen  parame¬ 
ters  and  the  optimum  design  is  searched  for  on  the  basis  of 
response  surfaces.  The  bow  thickness  is  found  to  be  the  control¬ 
ling  parameter  of  this  optimization  process.  Although  the  effect 
of  bow  thickness  is  detrimental,  there  exist  additional  geometric 
constraints.  Bow  thickness,  for  example,  cannot  be  less  than  five 
mm  since  thickness  lower  than  this  are  susceptible  to  twisting. 
Higher  thicknesses,  on  the  other  hand,  are  not  desirable  since 
they  require  unreasonable  draw  weights,  typically  over  45  kg 
(1001b). 

Goal  driven  optimization  points  to  different  rated  design.  The 
one  with  the  minimum  equivalent  stress  at  grip  throat  is  identified 
as  the  optimum  design.  The  optimum  design  does  not  exhibit 
appreciable  differences  from  initial  design.  The  change  in  the 
parameters  characterizing  the  design  is  limited  approximately 
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10%.  This  can  be  attributed  to  the  fact  that  the  original  design  is  a 
strict  replica  of  museum  samples. 
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